The blue orchard bee, Osmia lignaria (Say) (Hymenoptera: Megachilidae), is an alternative managed pollinator of rosaceous tree-crops, and potentially could be used for blueberry (Ericaceae) pollination. However, the floral preferences of this species for other types of flowers could prevent them from visiting blueberry flowers when alternative forage is available. To evaluate O. lignaria suitability for pollination of commercial blueberries in Michigan, we identified the main pollen sources in scopal loads and brood provisions, and determined the contribution of blueberry pollen to pollen collected by females nesting inside or at the border of a large blueberry field. Across two bloom seasons, we found that blueberry pollen was not the most abundant pollen type in either the scopal loads (≈6%) or the brood provisions (13-20%). Black cherry (Prunus serotina, Rosaceae), white clover (Trifolium repens, Fabaceae), and red clover (Trifolium pratese, Fabaceae) were the most abundant pollen types in the brood provisions. While shelter location (inside or at the border of the field) had an influence on the use of some of these plants, it did not affect the use of blueberry pollen. Our results indicate that in these field conditions, O. lignaria visit other plants rather than blueberries as a pollen source, making it poorly suited as an alternative managed pollinator for this specific crop.
Animal pollination is required by many crops to achieve profitable yields (Klein et al. 2007) , with bees (Hymenoptera: Apoidea) being the most important pollinators (Gallai et al. 2009 , Garibaldi et al. 2011 , Nogué et al. 2016 . European honey bees (Apis mellifera L.) (Hymenoptera: Apidae) are the most commonly used commercial pollinator; however, in the last few decades beekeepers have faced increasing challenges to their management (VanEngelsdorp et al. 2008 , Potts et al. 2010 , VanEngelsdorp and Meixner 2010 , highlighting the importance of finding alternative pollinators for crops (Garibaldi et al. 2013) . The blue orchard bee, Osmia lignaria (Say) (Hymenoptera: Megachilidae), is an alternative managed pollinator, with a higher pollination efficiency than honey bees for important crops such as apple, cherry, pear, and plum (Torchio 1982 , Bosch and Kemp 1999 , Mader et al. 2010 , Sheffield 2014 . This is due to their efficient foraging behavior and strong preference for rosaceous plants (Monzón et al. 2004 , Matsumoto et al. 2009 .
O. lignaria is a univoltine, solitary, cavity-nesting bee (Levin 1966) . They nest in cavities in wood or hollow reeds, building a series of brood cells that are provisioned with a mix of pollen and nectar Kemp 2002, Cane et al. 2007 ). Cells are separated by mud partitions, what give them the name of 'mason bees' (Mader et al. 2010) . Females usually build one cell per day (Phillips and Klostermeyer 1978) , requiring 14 to 35 pollen and nectar foraging trips to provide one cell, and 12 trips are required to build each mud partition (Torchio 1989) . Nests usually have 4-12 cells and a female can build 1-6 nests during the nesting period (Medler 1967 , Mader et al. 2010 .
Highbush blueberry (Vaccinium corymbosum) requires insect pollination for profitable yields (Mackenzie 1997, Ritzinger and Lyrene 1999) . The flowers produce pollen and nectar, and have poricidal anthers that release pollen by mechanical stimulus (McGregor 1976) . For this reason, bees that can buzz-pollinate (e.g., bumblebees) are more efficient at pollinating blueberries (Javorek et al. 2002 , Ratti et al. 2008 than those that do not use this behavior, such as honey bees. However, honey bee hives are usually placed in the fields because the high number of visits to the flowers compensates for the lack of specialization in behavior (Dedej and Delaplane 2003) .
Several species of Osmia have been tested for their ability to pollinate blueberry. Osmia ribifloris (Cockerell) (Hymenoptera: Megachilidae) is considered to be specialized on blueberries, and its nest provisions can be made almost exclusively with blueberry pollen (Torchio 1990 , Stubbs et al. 1994 . Controlled experiments (greenhouse or cage) with the same species show that it is effective at depositing pollen on the stigmas, in some cases achieving the same level of pollination as bumblebees (Bombus spp. Hymenoptera: Apidae) Cane 2000, Sampson et al. 2004) . Species that normally prefer Rosaceous trees (e.g., O. lignaria and Osmia cornifrons (Radoszkowski) (Hymenoptera: Megachilidae)) have been found to also be efficient at depositing blueberry pollen on the stigmas (Dogterom 1999, West and McCutcheon 2009) , but the floral preferences that O. lignaria show for rosaceous plants can prevent them from visiting blueberry flowers in the field (Sampson et al. 2009 ). This is supported by reports that indicate that most of the pollen found in O. lignaria nests located in agricultural environments comes from orchard crops (Torchio 1982 , Bosch et al. 2006 , Sheffield et al. 2008 .
Given this background, it is important to explore the pollen use by O. lignaria in open field experiments in large areas of blueberry production, to determine whether this bee species can be used as an effective alternative managed pollinator of blueberry, or whether the promising results described above are relevant only to greenhouse or caged settings. This is important because of the growing interest in the use of alternative pollinators among growers who are experiencing rising costs for honey bee rentals, and increased variability in spring weather that creates unsuitable conditions for honey bee flight. To address this question, the objectives of this study were to 1) determine the contribution of blueberry pollen to O. lignaria brood provision in a commercial field, 2) determine the plant species used as pollen resources by O. lignaria in this setting, and 3) assess whether nest location in the field influences the pollen sources used by O. lignaria.
Methods

Study System
This research was carried out during the 2016 and 2017 growing seasons, at a large commercial farm in Pullman, MI (42° 28′ 40.42″ N 86° 1′ 38.50″ W). The farm has an area of approximately 63 ha dedicated to highbush blueberry (V. corymbosum), with nine varieties grown, including Jersey, Bluecrop and Nelson, which occupy the largest area (33.1, 24.8, and 14% respectively). The farm uses conventional management practices, including insecticide and fungicide applications. The only insecticide applied during bloom period was methoxyfenozide, thought the fungicides chlorothalonil, captan, and metaconazole were also applied. Periodic mowing occurred approximately every 2 wk in and around the field. However, weeds and wild plants grew in the drainage ditches around the edges of the field, and in the deciduous forest that surround this site, which is typical of farms in this region.
Experimental Setup
During each year, a total of 16 locations were selected for Osmia shelters at the farm. Eight locations were positioned at the border of the farm, four at the east side and four at the west side, and the remaining eight locations were inside the farm. The inside locations were as close as possible to the center of the field, and at least 200 m away from the border of the field, given that the foraging range of O. lignaria is estimated to be 50-150 m (Dogterom 1999 , Mader et al. 2010 , Biddinger et al. 2013 . Each nest location was a minimum of 100 m away from other shelters. We selected locations as far as possible (>50 m) from commercial honey bee hives placed within the field.
At each location we placed a shelter consisting of pine plywood boxes (26 × 28 × 28 cm) with an open face. Each shelter contained 50 stems (bamboo and natural reeds), approximately 15 cm long with an inside diameter of 7-10 mm. Shelters at the border of the field were placed facing into the field, while shelters in the field were placed with the open face parallel to the orientation of the plant rows. Shelters remained in the field between 10 May 2016 and 8 June 2016, and between 6 May 2017 and 13 June 2017, corresponding to the start and end of blueberry bloom at the site.
A small emergence box containing O. lignaria loose cocoons was placed in each shelter at the start of bloom. In 2016 each emerging box contained 30 female and 45 male cocoons collected in September 2015 from trap nests located at Michigan State University (MSU) campus in East Lansing, MI. In 2017 bees were from trap nests located in Fennville, MI, and due to lower availability, each box contained 20 female and 35 male cocoons.
Pollen Samples From Bee Nests
To identify nests built by O. lignaria, we performed a 15-min inspection of the shelters once per week, recording the location of tubes where O. lignaria was nesting. In 2016, during these sampling periods we captured female O. lignaria returning to the nests with pollen loads on the scopa. We immobilized them with cold, removed the pollen load with dissecting needles, and stored the pollen in 1.5-ml centrifuge tubes. Bees were released after they recovered from the cold. On 8 June 2016 and 13 June 2017, when blueberry bloom was complete, tubes occupied by O. lignaria were brought back to the laboratory and kept in cold storage (−23°C) until processing. All nests were opened and the whole pollen provision from individual brood cells was collected and stored in individual tubes. The contribution of blueberry pollen to mass provisions can be used as a proxy for pollination in blueberry, given than nectar-harvesting visits to flowers only result in pollination in 25% of the cases, in comparison with 85% when bees actively harvest pollen (Javorek et al. 2002) . We recorded the total number of nests completed by O. lignaria in each location and the number of cells per nest.
Plant Richness and Pollen Library
To sample blooming-plant richness around each shelter, once per week we established two transects of 100 × 3 m at each shelter location. In locations at the border of the field, transects were done in north and south directions. For locations inside the field, transects followed the orientation of the blueberry rows. The first time each plant species was observed, a reference specimen was collected and pressed for further identification using Petrides (1972) , Newcomb (1977) , and Peterson and McKenny (1996) . Additionally, several flower buds were collected from each plant for pollen extraction. If flower buds were not available, open flowers were collected. Flowers and flower buds were stored in 70% ethanol until processing. Pollen was extracted by grinding the anthers into a container with ethanol, to later centrifuge the solution for 5 min at 3,000 rpm. This pollen was processed by acetolysis (see Pollen Processing) and used as a reference library for identifying pollen collected from bees and from their nests.
Pollen Processing
To make the diagnostic characteristics of the pollen grains more visible (Jones 2014) , all pollen samples were processed by acetolysis. The complete pollen provisions from brood cells were acetolyzed. For this, pollen was treated with an acetic anhydride acid and sulfuric acid solution (9:1 ratio) to dissolve tissues and remove lipids and debris, followed by washes of 70% ethanol and distilled water (Louveaux et al. 1978) . Acetolyzed samples were homogenized with a vortex and two subsamples were mounted on microscope slides with fuchsin stained gelatin. On each slide, we counted and identified all pollen grains to the lowest taxonomic level possible in 15 fields of view at a magnification of 400×. On average there were 1,208 ± 25 (mean ± SE) grains in the counting area for brood cell samples, and 128 ± 13 grains in scopal load samples. Pollen identification was done with the assistance of the reference pollen library from herbaceous and woody plants collected at the field site. Of all pollen types found, 44% were identified to species, 28% to genus, 11% to family, and 17% was not possible to identify. Given the different taxonomic levels, from here we will refer to them as pollen types.
Data Analysis and Volumetric Correction
To compare the number of nests and cells per nest obtained between the inside and border locations, we used a t-test (P < 0.05). We perform the volumetric correction described by Da Silveira (1991) to determine the relative contribution of each pollen type to the total pollen volume by adjusting numerical counts for pollen size. In order to meet the normality and equal variance assumptions, an arcsine square-root transformation was applied to the data. A linear mixed effects model was used to explore the effect of shelter location, pollen types and the interaction effect (fix effects) on the contribution of each pollen type. Shelter was included as a random effect, with individual tubes nested in each shelter. A post-hoc Tukey's test (P < 0.05) was used to compare the contribution of pollen types in each location. To explore the effect of the order of cell construction on the proportion of blueberry pollen in mass provisions, the positions of cells in the nest was included as a fixed effect and the shelter as a random effect. All data analyses were conducted in R version 3.4.3 (R Development Core Team, Vienna, Austria) using the package 'nlme' (Pinheiro et al. 2018) and 'multcomp' (Hothorn et al. 2008) .
Results
Plant Richness
We found fifty different blooming plant species during the 2016 sampling. At the border of the field we found 47 species, with 6.0 ± 0.3 species per location (average ± SE), while we found 37 species within the field, with 4.6 ± 0.3 species per location. In 2017 we found 31 species, all of them previously observed in 2016. At the border of the field we recorded 28 species, with 5.0 ± 0.2 species per location; inside the field we found 23 species, with 4.3 ± 0.2 species per location. Across both years, 68% of the species were common between the border and inside of the farm (Supp. Table S1 ).
Nesting Success
During the 2016 season, O. lignaria nested in five out of the eight shelters at the border of the field and five out of the eight shelters inside the field. In 2017, bees nested in all shelters at the border and in seven of the shelters inside the field. There were no differences between the number of nests built between locations either in 2016 (t = −0.3, df = 14, P = 0.75) or 2017 (t = −1.8, df = 13, P = 0.09) (Table 1) . Moreover, the average number of cells per nest was not significantly different between locations in either year (2016: t = 0.85, df = 14, P = 0.40; 2017: t = 0.57, df = 13, P = 0.58) ( Table 1) .
Scopal Loads
In 2016, a total of 17 females were captured with pollen loads at seven shelters inside the field, and 20 females were captured at all shelters at the border of the field. Five main pollen types were found in these scopal loads (Fig. 1A) , with significant differences in the volume contribution of pollen types within locations (F (4,168) = 14.5, P < 0.0001). Black cherry (Prunus serotina, Rosaceae) was the most abundant pollen type in the scopal loads of bees captured at both locations. White clover (Trifolium repens, Fabaceae) and laurel willow (Salix pentandra, Salicaceae) pollen were more abundant than blueberry pollen, although these differences were not significant (all P > 0.05). There was no significant effect of the shelter locations (F (1,168) = 0.00002, P = 0.99), and no significant interaction between factors (F (4,168) = 0.35, P = 0.84). (Fig. 1A) .
Brood Cell Pollen
In 2016 there were 23 nests included in the analysis, nine nests (with 83 cells total) within five shelters inside the field, and 14 nests (with 105 cells total) within five shelters at the border of the field. Twelve pollen types were identified from O. lignaria provision masses in 2016. Black cherry (P. serotina), white clover (T. repens), laurel willow (S. pentandra) and blueberry were the most common pollen sources. Pollen types with a volume contribution of less than 4% included Rubus allegheniensis (Rocaceae), Rubus sp., Silene alba (Caryophyllaceae), Oxalis stricta (Oxalidaceae) and three unidentified pollen types. The locations of the nest did not have a significant effect on the contribution of any of the pollen types (F (1,15) = 0.27, P = 0.61), but within locations we found differences in the contribution of pollen types (F (8,1432) = 230.4, P < 0.001) (Fig. 1B) . Together, black cherry and white clover accounted for 82% of the pollen volume in the provision inside the field, and 74% at locations at the border of the field (Fig. 1B) . The contribution of blueberry pollen was significantly lower than these two plants in locations at the border of the field, and lower than black cherry at locations inside the field (all P < 0.05) (Fig. 1B) . Overall, 89.5% of cells contained blueberry pollen, but only in 7.2% of the cells was the volume contribution of blueberry pollen >50%, and it was >90% in only 1.1% of the cells. Volume contribution of blueberry pollen was consistently low as the percentage of blueberry pollen did not change among cells of the same nest regardless of the position, and therefore the timing of their construction (F (12,162) = 1.12, P = 0.34).
In 2017, there were 57 nests included in the pollen analysis, 21 nests (with 49 cells total) from seven of the shelters inside the field, and 35 nests (with 99 cells total) from all the shelters at the border of the field. Twelve pollen types were recorded in mass provisions from brood cells, where white clover (T. repens), red clover (T. pratense, Fabaceae), blueberry and Salix sp. (Salicaseae) were the most common pollen types. Other pollen types with a volume contribution of less than 2% included Quercus sp. (Fagaceae), Prunus sp. (Rosaceae), Onagraceae sp. 1, Onagraceae sp. 2, Phlox sp. (Polemoniaceae), and three unidentified pollen types. There was no significant effect of the locations of the nests (F (1,48) = 0.01, P = 0.92), but there was a significant difference among the pollen types within locations (F (11,1606) = 81.9, P = 0.001) and a significant interaction Table 1 . Number of nest obtained per location (mean ± SE), and number of cells built per nest (mean ± SE), in shelters located inside or at the border of a large blueberry field
Nests per location
Cells per nest Inside (no.) Border (no.) Center Border 2016 4.1 ± 0.8 (33) 4.5 ± 0.8 (36) 5.1 ± 0.7 4.9 ± 0.5 2017 3.0 ± 0.6 (21) 4.6 ± 0.9 (37) 4.0 ± 0.5 3.8 ± 0.2 between factors (F (11,1606) = 2.46, P = 0.009). This significant interaction was because Salix sp. showed a 11.8% higher contribution to mass provision in shelters inside the field compared to shelters outside the field (F (1,48) = 12.94, P = 0.009) (Fig. 1C) . In both locations the most abundant pollen belonged to white clover (T. repens), accounting for 39.7 ± 5.5% and 40.6 ± 4.0% (±SE) at the inside and at the border of the field, respectively. The percentage of blueberry pollen was significantly lower than white clover at both locations (all P < 0.05) (Fig. 1C) . Overall, only 44.6% of cells contained blueberry pollen, in 25.0% of the cells the volume contribution of blueberry was > 50%, and in 16.2% of the cells it was higher than >90%. As in 2016, the percentage of blueberry pollen did not change among cells of the same nest regardless of the position, and therefore the timing of their construction (F (9,131) = 1.14, P = 0.34).
Discussion
Various Osmia species have been evaluated as alternative managed pollinators of numerous crops (Torchio 1984 , Dogterom 1999 , Matsumoto et al. 2009 ), and positive results have been observed for several species, particularly for the pollination of rosaceous tree crops Kemp 2001, 2002; Mader et al. 2010) . However, there have been conflicting reports about whether they could be used as managed pollinators for blueberries, due to positive results in cage experiments (Dogterom 1999 , Sampson and Cane 2000 , Sampson et al. 2004 , West and McCutcheon 2009 , but their foraging behavior indicate that they would prefer to visit other plants in the field Kemp 2001, Sampson et al. 2009 ). Here, we report on the contribution of blueberry pollen to the scopal load and brood cells of O. lignaria nesting inside and at the border of a commercial blueberry field during crop bloom. Analysis of individual scopal loads allow us to determine whether or not bees are visiting several plant species during one foraging trip, while the mass provisions in brood cells show what bees are collecting over a longer time period. The low proportion of blueberry pollen in O. lignaria scopal loads indicate that, even if O. lignaria visit blueberry flowers to collect nectar, the use of blueberry pollen is limited. In contrast, when bumblebees (Bombus spp.) visit blueberry flowers, the corbicular (pollen basket) loads have between 50 and 90% blueberry pollen (Moisan-Deserres et al. 2014) . We cannot infer information about O. lignaria visitation rate to blueberry flowers, but nectar-harvesting visits usually result in low pollination levels for blueberries (Javorek et al. 2002) . The small contribution of blueberry pollen to brood cells in both nesting locations (inside and at the border of the field) suggest that the contribution to blueberry pollination is limited.
This lack of use of blueberry as a pollen source suggests that O. lignaria possess strong floral preferences in both natural and agricultural habitats, usually preferring rosaceous plants (Torchio 1982 , Williams and Tepedino 2003 , Sampson et al. 2009 , Radmacher and Strohm 2010 . In this case we found that the pollen that contributed the most to cell provisions belonged to back cherry (Rosaceae) and white and red clover (Fabaceae), plants common in the research area and in families that have been reported to be highly attractive to Osmia (Torchio 1982 , Rust 1990 , Kraemer et al. 2014 . Pollen types with low contribution to the mass provision are probably collected indirectly when bees visit those flowers to collect nectar. These results support previous findings that in field conditions, O. lignaria visit flowers other than those of blueberry (Sampson and Cane 2000) .
The presence of honey bees in high densities is a factor that can negatively affect visitation rate of other bees or change their foraging behavior (Thomson 2006 , Walther-Hellwig et al. 2006 , Lindström et al. 2016 , in some cases due to niche partitioning (SteffanDewenter and Tscharntke 2000), direct inference (Mallinger et al. 2017) or nectar and pollen depletion (Carneiro and Martins 2012) . In our study, honey bee hives were placed at the field, so it is possible that the high density of honey bees on blueberry flowers could have deterred O. lignaria from visiting them, which have also been observed for Osmia bicornis (L) (Hymenoptera: Megachilidae) in blueberries (Hudewenz and Klein 2015) . However, honey bees also visit chery and clover flowers. Application of pesticides is another factor that could have reduced O. lignaria visitation to blueberries. At this farm, the applications of insecticides during bloom is restricted, but not the applications of fungicides. Several authors report sub-lethal effects of fungicides on O. lignaria (Ladurner et al. 2005, Artz and Pitts-Singer 2015) , so it is possible that they could have a repellent effect, making blueberry flowers less attractive to O. lignaria. However, these sprays would also have contacted the clover in the field yet this was heavily collected by the bees.
Many Osmia species tend to collect resources that are close to their nests, especially when they have their preferred resources in the vicinity of the nest (Williams and Tepedino 2003 , Monzón et al. 2004 , Biddinger et al. 2013 ), but O. lignaria can fly up to 600 m (Rust 1990) . Thus, it is not surprising to find pollen from plants that were found only outside of the field in the nests that were located inside the farm. The bee's floral preferences and flight range make it difficult to restrict them from visiting other plants that bloom at the same time as the target crop, and so low fidelity to blueberry is likely to result in high abundance of other pollen sources in mass provisions.
Osmia pollination efficiency and visitation rate on blueberries can be variety-dependent due to several flower morphological characteristics, including corolla width and pistil length (Sampson and Cane 2000 , Courcelles et al. 2013 , Sampson et al. 2013 . It is possible that the few nest provisions with high content of blueberry pollen (>90%) were made during the blooming period of a specific variety that could make the access to pollen easier. It would be important to test how the pollen preferences of O. lignaria changes when they are in fields with multiple or single varieties.
In this study we found that O. lignaria collects blueberry pollen in field conditions, but its contribution to scopal loads and provision masses is low in comparison with other pollen types. Additionally, the use of blueberry pollen does not change during the nesting period nor depending on the location of the shelter (inside the field or at the border of the field). These results highlight that O. lignaria may not be well-suited for commercial pollination of highbush blueberry in open field settings in this region, and suggests that other managed bees (e.g., bumble bees) or wild bees (e.g., Habropoda laboriosa (Fabricius) (Hymenoptera: Apidae)) that are more efficient at pollinating blueberries and have higher fidelity for its flowers (Cane 1997 , Javorek et al. 2002 could be a better alternative to honey bees for pollination of blueberries.
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